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We have analyzed the unique epitope for the broadly neutralizing human monoclonal antibody (MAb) 2G12
on the gp120 surface glycoprotein of human immunodeficiency virus type 1 (HIV-1). Sequence analysis,
focusing on the conservation of relevant residues across multiple HIV-1 isolates, refined the epitope that was
defined previously by substitutional mutagenesis (A. Trkola, M. Purtscher, T. Muster, C. Ballaun, A. Buch-
acher, N. Sullivan, K. Srinivasan, J. Sodroski, J. P. Moore, and H. Katinger, J. Virol. 70:1100-1108, 1996). In
a biochemical study, we digested recombinant gp120 with various glycosidase enzymes of known specificities
and showed that the 2G12 epitope is lost when gp120 is treated with mannosidases. Computational analyses
were used to position the epitope in the context of the virion-associated envelope glycoprotein complex, to
determine the variability of the surrounding surface, and to calculate the surface accessibility of possible
glycan- and polypeptide-epitope components. Together, these analyses suggest that the 2G12 epitope is cen-
tered on the high-mannose and/or hybrid glycans of residues 295, 332, and 392, with peripheral glycans from
386 and 448 on either flank. The epitope is mannose dependent and composed primarily of carbohydrate, with
probably no direct involvement of the gp120 polypeptide surface. It resides on a face orthogonal to the CD4
binding face, on a surface proximal to, but distinct from, that implicated in coreceptor binding. Its conserva-
tion amidst an otherwise highly variable gp120 surface suggests a functional role for the 2G12 binding site,
perhaps related to the mannose-dependent attachment of HIV-1 to DC-SIGN or related lectins that facilitate
virus entry into susceptible target cells.

Only a very few monoclonal antibodies (MAbs) are capable
of neutralizing primary isolates of human immunodeficiency
virus type 1 (HIV-1), and the polyclonal response is also weak
(10, 20, 44, 46, 59, 68). Effective antibodies are scarce because
HIV-1 has evolved various protective mechanisms to enable it
to resist the binding of antibodies to its envelope glycoprotein
(Env) complex (31–33, 43, 52, 58, 59, 62, 74, 75). Among the
antibodies that can overcome these defenses is the human
MAb 2G12 (68, 69). The 2G12 antibody recognizes a unique
epitope on the surface glycoprotein gp120 that is not directly
associated with the receptor-binding sites on this protein (45,
70). However, 2G12 is capable of inhibiting the interactions of
HIV-1 with its cell surface binding sites and thereby neutral-
izing infectivity (24, 42, 67, 69, 70). The success of 2G12 at
neutralizing HIV-1 in vitro is reinforced by its ability in passive
immunization experiments, usually in combination with other
antibodies, to protect macaques from simian-human immuno-
deficiency virus challenge (2, 37, 38).

The precise nature of the 2G12 epitope is uncertain. Anti-
body mapping studies using monomeric gp120 showed that
2G12 forms a unique competition group, in that no other MAb

is able to prevent its binding to gp120, and vice versa (49).
Moreover, a mutagenesis analysis revealed that the only amino
acid substitutions in gp120 which disrupt the 2G12 epitope are
at residues specifying sites for N-linked glycosylation in the C2,
C3, C4, and V4 domains (see Fig. 1A) (69). The crystal struc-
tures of a gp120 fragment comprising the conserved core with
truncations of the V1, V2, and V3 variable loops and of the
gp41 interactive region have been obtained (31, 32). They
showed that most of the predicted glycosylation sites thought
be relevant to 2G12 binding are likely to be sufficiently prox-
imal to one another to be within the footprint of an antibody
epitope (74, 75). Furthermore, several of the relevant glycans
are close to the receptor-binding sites on gp120 and probably
play an important role in shielding these sites from antibody
recognition (43, 74, 75). Thus, 2G12 may actually exploit the
very glycan defenses that normally help protect HIV-1 from
neutralizing antibodies (54). Because knowledge of neutraliza-
tion epitopes might be exploitable for vaccine design, we have
further analyzed the 2G12 epitope. Our results implicate a
conserved patch of high-mannose and/or hybrid glycans as
being involved in the formation of this epitope, with mannose
residues as an essential component. There may be similarities
between the 2G12 epitope and the mannose-dependent bind-
ing sites on gp120 for DC-SIGN, a lectin that facilitates HIV-1
entry by enhancing the presentation of virions to susceptible
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cells (3, 23, 25, 40, 61), and cyanovirin-N (CV-N), a cyanobac-
terial protein that inhibits HIV-1 infectivity (8, 19, 22).

MATERIALS AND METHODS

Sequence analysis. The sequences of isolates sensitive to neutralization by
2G12 (6, 44, 45) were obtained from the Los Alamos HIV Databank (http://hiv
-web.lanl.gov/) and from D. Montefiori (D. Montefiori, personal communica-
tion), and their degree of conservation was analyzed. The sequences of 15 dif-
ferent isolates, BK132, HXBc2, JR-FL, QH0515, QH0692, PVO, TVO, 301593,
301657, 301660, 301727, 92BR030, 92RW009, 92RW021, and 92TH014, were
analyzed for conservation. Each of these viruses is successfully neutralized by
2G12 (7, 68, 69). The sequence and structure of the gp120 core fragment for
HXBc2 has been described previously (31, 32); the sequences for HIV-1 isolates
PVO and TVO were obtained from D. Montefiori; database protein accession
numbers for the other sequences were L03697, U63632, AF277061, AF277065,
U08444, U04908, U04909, U04925, U08714, U88823, U08645 and U08801, re-
spectively.

A variability criterion was devised, based upon whether a change would disrupt
the binding of a hypothetical antibody. For example, a change of Lys to Glu
conserves amino acid type, both being charged; however, such a substitution
would disrupt the binding of an antibody that recognized the Glu residue,
resulting in a variable classification. Residues were classified as variable only if
such changes were present in at least 2 of the 15 sequences analyzed.

Deglycosylation of gp120. HIV-1 JR-FL gp120, expressed and purified from
Chinese hamster ovary (CHO) cells, was obtained from Progenics Pharmaceu-
ticals, Tarrytown, N.Y. (67). The gp120 protein (1 �g) was incubated with various
glycosidases for 16 h at 37°C in 100 �l of the appropriate buffer for each enzyme.
Controls included untreated and mock-treated gp120 (digestion buffer, no en-
zyme). For each enzyme, an optimal digestion buffer recommended by the
manufacturer was used in these studies. We selected the buffer for Endo F2 and
Endo F3 to use for the mock-treated control, as it had the lowest pH and so was
potentially the most disruptive to gp120 conformation; its composition was 50
mM sodium acetate, pH 4.5. All glycosidases were obtained from Calbiochem,
La Jolla, Calif. The amounts of each enzyme used were as follows: NgF, 50 U;
Endo D, 25 mU; Endo–�-galactosidase, 25 mU; Endo F1, 175 mU; Endo F2, 50
mU; Endo F3, 50 mU; Endo H, 50 mU; �2-3,6,8,9-neuraminidase, 62.5 mU;
�1-2,3,6-mannosidase, 2,500 mU. Denaturation and reduction of gp120 was
performed by boiling in 1% sodium dodecyl sulfate (SDS) and 50 mM dithio-
threitol (DTT) (45).

SDS-PAGE and Western blotting. Glycosidase-treated gp120 (20 ng) was
analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (6). Western
blotting was performed following established protocols using the anti-gp120 V3
loop MAb PA-1 (1:5,000; final concentration, 0.2 �g/ml; Progenics) (67) and
horseradish peroxidase-labeled anti-mouse immunoglobulin G (IgG) (1:5,000;
final concentration, 0.2 �g/ml; Kirkegaard & Perry Laboratories, Gaithersburg,
Md.). Luminometric detection of envelope glycoproteins was performed using
the Renaissance Western Blot Chemiluminescence Reagent Plus system (NEN
Life Science Products, Boston, Mass.).

ELISAs. Enzyme-linked immunosorbent assays (ELISAs) were performed as
described previously (48, 49). Glycosylated or deglycosylated gp120 (100 ng/ml)
was captured onto the solid phase by using antibody D7324 to the C5 region (48,
49), and then bound gp120 was detected with either 2G12 or serum from an
HIV-1-infected individual (coded as LSS). Denaturation of gp120 by boiling in
the presence of SDS and DTT, followed by ELISA, was performed as described
elsewhere (48). The IgG1b12 MAb was a gift from Dennis Burton (Scripps
Research Institute, La Jolla, Calif.) (11).

Structure-based analyses. The following structures were used: the crystal
structure of core gp120 in complex with the N-terminal two domains of CD4
(D1D2) and the antigen-binding portion (Fab) of the human antibody 17b, as
determined for the T-cell-line-adapted isolate HXBc2 (29, 30); a model (74) of
the HXBc2 core extended by molecular dynamics to include the protein-proxi-
mal pentasaccharide structure consisting of the two N-acetylglycosamine and
three mannose residues [GlcNAc-GlcNAc-Man-(Man)2] common to all N-linked
sites (Fig. 1B); a model (33) further extended by using steric constraints to graft
the nuclear magnetic resonance structure (13) of a V3 loop onto the gp120 core;
and a trimeric model (33) obtained by optimization of quantifiable surface
parameters. This trimeric model represents the orientation that gp120 most
likely assumes in the functional viral spike (33).

Calculations of the accessibility of glycan and polypeptide components of the
2G12 epitope were made with the model containing the GlcNAc-GlcNAc-Man-
(Man)2 moieties. This model probably underestimates the glycan contribution,

since it only contains the central glycan core. All surface areas and distance
measurements were made using the program GRASP (53).

RESULTS

Sequence analysis. A substitutional mutagenesis study has
implicated several N-linked glycans as being important com-
ponents of the 2G12 epitope on gp120 (69). Amino acid sub-
stitutions that directly or indirectly affected the N-linked glycan
sites at positions 295, 332, 386, 392, 397, and 448 were found to
completely or partially reduce 2G12 binding (69) (Fig. 1). To
gain insight into the conservation of the 2G12 epitope, the
sequence variability of the above N-linked glycan sites was
analyzed (Table 1). The Los Alamos Database (http://hiv-web
-lanl.gov) was used, as it has been designed to represent the
total sequence diversity of HIV-1. This database has 20 repre-
sentative HIV-1 sequences from subtype A, 107 from subtype
B, and 30 from subtype C (12). To make estimates of total
variability for each residue, the total number of differences in
subtypes A through C was divided by the total number of
sequences (Table 1). Of the above six N-linked glycan sites,
four were relatively well conserved, while two (Asn-295 and
Asn-397) were moderately variable. The variability was subtype
dependent; Asn-295, for example, was relatively conserved in
subtype B but highly variable in subtypes A and C (12).

The variability of the complete amino acid sequence was
also analyzed among the different HIV-1 isolates that are ef-
ficiently neutralized by 2G12 and so must express the 2G12
epitope (7, 68, 69). We chose 15 isolates for which there was
sequence information available (7, 68, 69). How the extent of
sequence variability mapped onto the surface of gp120 is
shown in Fig. 2. Despite our use of only 15 sequences, the
variation appeared similar to that described previously when
using sequences from the entire spectrum of primate immu-
nodeficiency viruses (32), with much of the gp120 surface being
variable. The only conserved surfaces were associated with
either the CD4 or the coreceptor binding surfaces, or involved
oligomer contact sites that were occluded within the functional
viral spike (32, 44).

Among the N-linked sites implicated as probably being con-
tributory to the 2G12 epitope (69), the sites at residues 332,
386, and 392 were conserved in all the test isolates, the site at
residue 295 was conserved in all but isolate 92RW021, and the
site at residue 448 was conserved in all but isolate QH0515
(Fig. 2). In contrast, the N-linked glycan site at residue 397 was
variable in most strains; this site is located within the highly
variable V4 loop region. The conservation analysis therefore
indicates that the glycan at residue 397 is probably not part of
the 2G12 epitope. Note that, in the published substitutional
mutagenesis study, residue 397 was only analyzed in the con-
text of a double substitution that simultaneously disrupted the
glycan sites at both residues 392 and 397 (69). The observed
loss of 2G12 binding to this 392-plus-397 double mutant is
therefore likely to be due to the change at position 392 and not
to the change at position 397.

Treatment of gp120 with endo- and exoglycosidases. We
next used a biochemical technique to analyze the 2G12 epitope
on gp120 from the HIV-1 JR-FL strain, expressed in CHO
cells. The gp120 protein from the IIIB isolate, also expressed in
CHO cells, has been shown experimentally to contain 13 com-
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FIG. 1. (A) Carbohydrates on gp120 and their contribution to the 2G12 epitope as identified by substitutional mutagenesis. The schematic of
CHO-expressed IIIB and JR-FL gp120 indicates N-linked glycosylation sites. The composition of the carbohydrates in IIIB gp120 was experi-
mentally determined (35); the carbohydrate designations in the schematic of JR-FL gp120 are based on that study, assuming that glycans are
processed similarly on the two Env glycoproteins. Two sites in JR-FL gp120 that are not present in IIIB gp120 are designated as being of unknown
carbohydrate composition. Arrows indicate sites that were shown to be important for 2G12 binding in a substitutional mutagenesis study. Note that
the sites at 392 and 397 were only deleted in combination (69). (B) Specificities of glycosidases. The schematic is derived from reference 28. The
cleavage sites of some of the endo- and exoglycosidases used in this study are indicated on the structures of the three classes of carbohydrates:
complex, hybrid, and high mannose. Note that the number and characteristics of the sugar residues in the outer branches can vary. Complex glycans
generally have two to four outer branches and may have a fucose residue attached to the inner N-acetylglucosamine. Asterisks indicate enzymatic
cleavages that affect 2G12 binding (see Fig. 4). Abbreviations: GlcNAc, N-acetylglucosamine; Man, mannose; Gal, galactose; S.A., sialic acid.
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plex glycans and 11 high-mannose and/or hybrid chains (35).
JR-FL gp120 is predicted to have all of the complex glycan
sites that are present in IIIB gp120, eight of the high-mannose
and/or hybrid sites, and two additional N-linked sites that are
absent from IIIB gp120 (Fig. 1A).

N-linked carbohydrates can be divided into three categories,
termed high mannose, hybrid, and complex (Fig. 1B) (28).
These groups share a common pentasaccharide core structure.
High-mannose oligosaccharides usually have two to six man-
nose residues attached to this core. Complex carbohydrates
can have different outer branches; bi-, tri-, and tetraantennary
chains with a typical sialyllactosamine sequence are shown in
Fig. 1B. Hybrid oligosaccharides contain elements of both
high-mannose and complex carbohydrate structures. Sugars
are transferred to asparagines in the rough endoplasmic retic-
ulum and then trimmed to yield Man8GlcNAc2 oligosaccha-
ride species. These high-mannose carbohydrates can be further
modified during passage through the Golgi network to become
complex-type carbohydrates (28). The theoretical molecular
masses of the examples shown in Fig. 1B are 1.7 kDa for hybrid
oligosaccharides, 2.0 kDa for high-mannose oligosaccharides,
and 2.4 kDa for biantennary complex chains. The molecular
masses of the equivalent tri- and tetraantennary complex
chains are 3.1 and 3.8 kDa, respectively.

We treated monomeric JR-FL gp120 with a selection of
endo- and exoglycosidases. These enzymes have different spec-
ificities for the three classes of carbohydrates, as indicated in
Fig. 1B (28, 55, 65). N-glycosidase F (NgF) cleaves all three
carbohydrate classes between the asparagine and the inner-
most N-acetylglucosamine residue. Endoglycosidases D, F1,
F2, F3, and H cleave between the two core N-acetylglu-
cosamine residues but they differ in their specificities: Endo F1
and Endo H cleave high-mannose and hybrid carbohydrates;
Endo F2 cuts high-mannose and biantennary complex chains,
but not hybrid chains; and Endo F3 cleaves bi- and trianten-
nary complex chains. Endo D generally acts on Man3 and Man4

sugars. Endo–�-galactosidase cuts �1-4 galactosidase linkages
in unbranched poly-N-acetyllactosamine chains. Neuramini-
dase removes terminal sialic acid residues from complex
chains, and �-mannosidase cleaves terminal �-linked mannose
residues.

The removal of carbohydrate chains from gp120 by glycosi-
dase treatment was monitored by determining whether gp120
migrated with a lower molecular mass when analyzed by SDS-
PAGE and Western blotting with the anti-V3 loop MAb, PA-1
(Fig. 3). A substantial reduction in the molecular mass of
gp120, to �60 kDa, was caused by NgF treatment, indicating
that most carbohydrates had been removed. No proteolytic
degradation of HIV-1 gp120 was observed after NgF treat-
ment, in contrast to what occurs with virion-derived gp120
from simian immunodeficiency virus (SIV) (39). Endo F2- or
Endo F3-treated gp120s migrated diffusely with glycoprotein
species running from around 80 to 110 kDa. The diffuseness is
probably caused by heterogeneity in the complex carbohy-
drates, only some of which are cleaved by these enzymes. Thus,
Endo F2 digests only biantennary complex chains and high-
mannose chains, whereas Endo F3 cleaves bi- and tri-
antennnary but not tetraantennary chains. A shift of 40 kDa
corresponds to a predicted loss of 15 biantennary complex
oligosaccharides plus 4 high-mannose carbohydrates in the

case of Endo F2, and of 14 triantennary oligosaccharides in the
case of Endo F3. Smaller changes in the mobility of HIV-1
gp120 were observed in response to treatment with Endo F1 or
Endo H (both of �10 kDa, corresponding to five to seven
hybrid or high-mannose chains), with �-mannosidase (�10
kDa, corresponding to �55 mannose residues, each of 0.18
kDa), or with neuraminidase (�10 kDa, corresponding to �30
sialic acid residues, each 0.32 kDa in size, on complex oligo-
saccharide chains).

The loss of �30 sialic acid residues is consistent with the
removal of all the residues from 15 biantennary or 10 trianten-
nary complex chains, assuming they are of the type depicted in
Fig. 1B. Hence, many of the complex carbohydrate chains must
be susceptible to neuraminidase modification. Similarly, man-
nosidase must affect most of the hybrid and high-mannose
oligosaccharides, since the molecular mass loss is so substantial
(Fig. 1B).

No changes in gp120 migration were observed after expo-
sure of the glycoprotein to Endo D or Endo–�-galactosidase
(Fig. 3). Hence, these particular glycosidases were probably
unable to remove any glycan components from the gp120 sur-
face, either because their function was blocked by the presence
of terminal sugars (Endo D) or their sites of action were either
absent (Endo–�-galactosidase) or inaccessible.

2G12 binding to deglycosylated gp120. We next used an
ELISA to assess whether 2G12 was able to bind to gp120 that
had been exposed to the various glycosidases (Fig. 4). Treat-
ment of gp120 with NgF, Endo F1, Endo H, or �-mannosidase
completely destroyed its ability to bind 2G12. Conversely,
Endo F2, Endo F3, neuraminidase, Endo D, or Endo–�-galac-
tosidase treatment had no significant effect on 2G12 binding
(Fig. 4A, left panel). Endo–�-galactosidase had a very modest
apparent effect on 2G12 binding, but this was not reproducible
in repeat experiments (data not shown). In contrast to what
was observed with 2G12 binding, most of the above enzyme
treatments had little effect on the gp120 binding of polyclonal
antibodies from the serum of an HIV-1-infected person (code
LSS), although NgF digestion of gp120 did significantly reduce
the binding of the serum antibodies (Fig. 4A, right panel).

To further assess whether the glycosidases that affected the
binding of 2G12 did so through a specific effect on the 2G12
epitope or through a nonspecific perturbation of gp120 struc-
ture, we compared the ability of enzyme-treated gp120 to bind
2G12 and another neutralizing MAb to a discontinuous gp120
epitope, IgG1b12 (Fig. 4B). We observed that IgG1b12 bind-
ing was not significantly affected by treatment of gp120 with
Endo F1, Endo F2, Endo F3, Endo H, or �-mannosidase,

TABLE 1. Variability of N-linked sites identified by substitutional
mutagenesis as being part of the 2G12 epitope

N-linked
site

Glycan
typea

Variability (%)

Clade A Clade B Clade C Total

295 Mannose 40 15 80 31
332 Mannose 25 14 13 15
386 Mannose 15 15 15 15
392 Mannose 5 11 16 11
397 Complex 45 26 37 31
448 Mannose 5 4 10 6

a Mannose refers to either high-mannose or hybrid glycans.
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whereas Endo F1, Endo H, or �-mannosidase treatment de-
stroyed the 2G12 epitope (Fig. 4B). In additional experiments,
NgF-treated gp120 was found to bind IgG1b12 very poorly
(data not shown).

The control experiments show that the overall antigenic
structure of gp120 was not substantially perturbed by the var-
ious glycosidases or by the moderately low pH buffers that

were used in the digests. An exception was NgF treatment,
which did significantly reduce the binding of HIV-1� serum
antibodies and the IgG1b12 MAb to gp120 (Fig. 4A and data
not shown). This is perhaps not surprising, given that NgF
converts each relatively hydrophobic N-linked site into a hy-
drophilic aspartic acid. This modification of so many carbohy-
drates could affect the structure of multiple antibody epitopes,

FIG. 2. The 2G12 epitope. Four different orientations of an HIV-1 gp120 monomer are shown in three different representations. The top panel
shows gp120 as viewed from the target cell membrane, looking towards the virus. Each subsequent panel shows a view rotated by 90°, with the
bottom panel showing core gp120 oriented such that the viral membrane would be positioned above it and the target cell would be below it. The
leftmost column depicts the solvent-accessible surface of gp120, colored according to the functionality of the underlying atoms. Red, residues and
associated glycans identified by mutagenesis as being part of the 2G12 epitope; cyan, carbohydrate; brown, remaining gp120 surface. Shown for
reference are the solvent-accessible surfaces of CD4 (yellow; N-terminal two domains) and the human neutralizing antibody 17b (green; variable
[Fv] portion), as they are oriented in the core gp120-CD4-17b ternary crystal structure (31, 32). The rightmost column depicts a carbon-alpha worm
of gp120 (brown), the molecular surface of the V3 loop as modeled into the gp120 core context (33) (green), the atoms of neutral mutants for 2G12
binding identified previously (69) (purple), and the bonds of modeled carbohydrate (74) (cyan). The middle column depicts the variability of strains
that 2G12 neutralizes efficiently, mapped onto the solvent-accessible gp120 core surface. Conserved residues are shown in white, variable residues
are in blue, and the mutationally identified 2G12 epitope is in red, for substitutions that decrease 2G12 binding by at least 90%, or in purple for
substitutions that decrease binding by 60 to 90%. Selected residues are labeled to aid in orientation.
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including but not limited to that for IgG1b12, either directly or
by affecting the overall conformation of gp120. However, Endo
F1, Endo H, and �-mannosidase clearly destroy the 2G12
epitope without affecting the IgG1b12 epitope (Fig. 4B).

When gp120 was denatured by boiling in SDS and DTT,
2G12 was still able to bind, but with an approximately 500-fold
reduction in affinity (Fig. 4C, left panel). In contrast, serum
antibody binding was only reduced 10-fold by denaturation and
reduction of gp120 (Fig. 4C, middle panel) (45). The binding of
IgG1b12 was completely eliminated by gp120 denaturation and
reduction (Fig. 4C, right panel).

Together, these findings imply that the 2G12 epitope is dis-
continuous in nature, or otherwise sensitive to gp120 confor-
mation (48), and that it contains mannose residues. Moreover,
consistent with our conservation analysis, the complex glycan
at residue 397 is probably not involved in 2G12 binding.

Structure-based analysis of the 2G12 epitope. Antibodies
against almost all of the carbohydrate-free surface of the gp120
core have been characterized (48, 49, 74). Since 2G12 forms a
unique competition group, these other ligands do not sterically
compete with 2G12 binding (50). This restriction on the defi-
nition of the 2G12 epitope is graphically demonstrated in Fig.
2, which illustrates the binding to gp120 of the CD4 ligand and
the 17b MAb.

The substitution mutagenesis data and the sequence-varia-
tion information were placed into the context of the gp120
structure (Fig. 2). This sequence- and structure-based analysis
implicated a high-mannose and/or hybrid carbohydrate-rich
region, centered upon the glycans of residues 295, 332, and
392, with the glycans at residues 386 and 448 flanking opposite
ends (Fig. 2). The earlier mutagenesis study showed that res-
idues 295, 332, and 392 were critical to 2G12 binding, in that
substitutions at these positions caused a complete or substan-
tial loss of 2G12 binding, whereas removal of the glycans from
residues 386 or 448 had a significant, although incomplete,
inhibitory effect (69). The central 295-332-392 glycan site (Asn
plus pentasaccharide core) displays a solvent-accessible surface
of 2,161 Å2, with glycan sites at 386 and 448 contributing 770
Å2 and 730 Å2, respectively.

The glycans at residues 386 and 392 are slightly separated
from the rest of the 2G12 epitope by the V3 loop. Deletion of
the V3 loop from gp120, either completely or partially (remov-
al of residues 303 to 323), modestly reduces 2G12 binding (7,
69). Thus, the V3 loop is unlikely to be part of the 2G12
epitope, but its close proximity suggests that its removal could
indirectly perturb the structure of the epitope.

Directly proximal to residues 295, 332, and 448 is the
high-mannose or hybrid glycan of Asn-262 (in Fig. 2, this is
the conserved carbohydrate directly left of residues 295 and
448 in the second panel from the top). Asn-262 is conserved
in all primate immunodeficiency viruses. A substitution at
residue 262 that eliminates this glycosylation site (262N/T)
causes a substantial enhancement in 2G12 binding (69).
Thus, while the glycan on residue 262 cannot form part of
the 2G12 epitope, its absence probably affects the orienta-
tion and accessibility of the nearby glycans on residues 295
and 332. Substitutions at residue 262 are known to have a
substantial impact on the overall folding of gp120 that af-
fects multiple antibody epitopes (50). The other substitu-
tions associated with an increase in 2G12 binding involve

residues 88, 103, and 256 (69). The change at position 88
(88N/P) is likely to significantly distort the �-strand at the
gp41-interactive region of gp120, whereas residues 103 and
256 are both buried within the gp120 structure; their sub-
stitution with larger residues (103Q/F and 256S/Y) probably
adversely affects gp120 folding. Indeed, the 256S/Y substi-
tution has a very similar phenotype to that of the 262N/T
change, in that it significantly perturbs the structure of many
antibody epitopes (J. P. Moore and J. Sodroski, unpublished
data).

Because our biochemical analysis demonstrated the im-
portance of the mannose residues on the glycans, we ana-
lyzed the mannoses of residues 295, 332, 386, 392, and 448
within the context of the functional envelope trimer (Fig. 5).
These glycans form a surface that is proximal to the chemo-
kine receptor binding surface, on a face orthogonal to the
CD4 binding face. When amino acid substitution among
different natural isolates is considered, much of this surface
is seen to be relatively variable. The most conserved regions
are the glycans at 332, 386, 392, and 448 that make up part
of the 2G12 epitope, together with the base of the V3 loop
and the glycan at residue 262, both of which are directly
proximal to the 2G12 epitope. A small portion of this sur-
face is also composed of polypeptide main chain (Fig. 5,
rightmost column), which is generally conserved even with
substantial side chain variation.

The mutational, sequence-variation, biochemical, and struc-
ture-based analyses all suggested that the 2G12 epitope was

FIG. 3. Mobilities of glycosidase-treated gp120 on SDS-PAGE.
CHO-expressed JR-FL gp120 was incubated with various endo- and
exoglycosidases and then analyzed by SDS-PAGE and Western blot-
ting. Control lanes included untreated and mock-treated gp120 (diges-
tion buffer, no enzyme). Asterisks indicate enzymes that affect 2G12
binding (see Fig. 4).
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composed of high-mannose and/or hybrid glycans. We there-
fore investigated the extent to which the polypeptide surface of
gp120 in this region was accessible to antibody binding (Table
2). We investigated a range of different radial distances from

the mannoses of residues 295, 332, 386, 392, and 448. The
average diameter of an antibody epitope is 15 to 20 Å, with a
surface area of approximately 600 to 800 Å2 (18, 57). With a
5-Å radial cutoff, the total solvent-accessible surface surround-

FIG. 4. Mannosidase treatment of gp120 inhibits 2G12 binding. (A) 2G12 binding of glycosidase-treated gp120. Aliquots of the same
glycosidase-treated gp120 preparations analyzed by SDS-PAGE (Fig. 3) were tested for 2G12 reactivity in an ELISA. Bound gp120 was detected
with either 2G12 (left panel) or serum from an HIV-1-infected individual (LSS; right panel). Modest variations in the ELISA signals derived from
different enzymatic digests probably reflect small variations in the amounts of gp120 captured from the individual reaction buffers, and they are
not considered experimentally significant. The results shown are representative of three independent experiments with similar outcomes, except
where indicated in the text. (B) Deglycosylation of gp120 does not significantly affect IgG1b12 binding. The experiment was similar to that shown
in panel A but compared the binding of the IgG1b12 and 2G12 MAbs. (C) Denaturation and reduction of gp120 significantly decreases 2G12
binding. Treatment of gp120 to denature and reduce it was performed as described in Materials and Methods. The binding of MAbs or HIV-1�

serum antibody (LSS) binding were then measured.
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ing the mannoses of residues 295, 332, 386, 392, and 448 is
3,403 Å2; at 10 Å, it is 6,014 Å2; and at 15 Å, it is 9,513 Å2.
Thus, the actual 2G12 epitope must represent only a small
portion of this total surface. We removed from consideration
the gp120 surface associated with the binding of CD4 and MAb
17b, because 2G12 does not compete with these ligands for
binding to gp120 (49).

We next investigated a variety of probe radii. A 1.4-Å probe,
the radius of a water molecule, provides a rough approximation of
the penetration of a side chain to the protein surface. A radius of
between 2.5 and 5 Å approximates the penetration of a �-hairpin
turn, for example, from a CDR loop of an antibody. A radius of
10 Å approximates the reach of an entire antibody-combining
region (18, 57). We found that even in the extreme of a 15 Å

radial distance with a 1.4-Å probe, the glycan-to-protein surface
area ratio was 2.3. This corresponds to a surface that is 70%
carbohydrate. At the other extreme, a 5 Å radial distance with a
10-Å probe, the glycan-to-protein surface area ratio was 13.9,
which corresponds to a surface of 93% carbohydrate. These re-
sults probably underestimate the true amount of the glycan com-
ponent of the 2G12 epitope, since they were derived from a
model that contains only the protein-proximal pentasaccharide,
and most glycans would be twice this size. On the other hand,
glycans are also flexible and may permit better penetration in an
induced-fit scenario than would be predicted by the rigid model
used in our probe analysis. Nonetheless, these results demon-
strate that the 2G12 epitope is primarily composed of high-man-
nose and/or hybrid glycans.

FIG. 5. The 2G12 epitope in the context of the functional envelope trimer. Various representations of gp120 are displayed in the trimeric
orientation that it mostly assumes in the functional, virion-associated Env complex. This orientation was determined by optimization of quantifiable
surface parameters, as described previously (33). Three different views of the trimer are shown, each rotated by 90° about a horizontal axis. The
top panel shows gp120 as viewed from the virus, the middle panel shows a side view with the virus membrane positioned above and the target cell
below, and the bottom panel shows a view from the perspective of the target cell. (Note: the rightmost proteomer in the bottom panel corresponds
in orientation to the top panel of gp120 monomers in Fig. 2). The left column depicts the solvent-accessible surface of gp120 colored according
to functionality as follows: cyan, surface associated with carbohydrate; yellow, surface within 3 Å of CD4; green, surface associated with residues
that are part of the CCR5-binding surface (64); brown, the remaining gp120 surface. The next column depicts a carbon-alpha worm trace of gp120
(brown), carbohydrate (cyan), and a carbon-alpha worm of CD4 (yellow). The third column depicts gp120 colored according to the sequence
variability of the underlying residues, ranging from white (conserved) to dark blue (highly variable). The conservation scheme depicted here was
described earlier in the structure analysis of core gp120 (31). Shown in red are the mannose residues of glycans 295, 332, and 392, which we have
identified here as being critical for 2G12 binding; shown in olive-green are the mannose residues of 386 and 448, which also contribute to the
epitope. The rightmost column depicts in purple the solvent-accessible surface associated with complex carbohydrates and, in green, the surface
associated with main-chain atoms. Since main-chain atoms do not change upon amino acid variation, this portion is less subject to change upon
side chain variation. Comparison of the leftmost and rightmost panels shows that much of the gp120 surface facing the cell is dominated by
high-mannose and/or hybrid glycans. The figure was made using the program GRASP (53). (The left two columns were previously shown in
reference 33 and are reproduced here as a visual aid for orienting the other panels.)
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DISCUSSION

Our experiments indicate that mannose residues in N-linked
high-mannose and/or hybrid glycan chains are essential for
2G12 binding to recombinant gp120. Thus, exo-mannosidase
treatment is sufficient to destroy the 2G12 epitope, without
affecting the discontinuous epitope for the neutralizing MAb
IgG1b12 (Fig. 4). Endo F1 and Endo H treatment also abol-
ished 2G12 binding to CHO cell-expressed gp120, whereas
Endo F2 had no effect, indicating that the mannose residues of
hybrid, rather than high-mannose, carbohydrates may be in-
volved in the 2G12 epitope (Fig. 1). This conclusion can be
drawn because Endo F2 is able to remove mannose residues
from high-mannose chains but not from hybrid chains (28, 55,
65); moreover, Endo F2 does successfully digest gp120 (Fig. 3)
while leaving the 2G12 epitope intact (Fig. 4). However, the
efficiency of Endo F2 at cleaving high-mannose carbohydrates
is at least 20-fold lower than its cleavage of complex chains
(65). It is therefore possible that, in addition to hybrid chain
carbohydrates, high-mannose chains resistant to Endo F2
treatment could also be involved in 2G12 binding. Endo H and
Endo D treatment of JR-FL gp120 produced from Drosophila
melanogaster cells has been shown to remove at most only 90%
of the high-mannose carbohydrate (30), although SIV gp160
has been reported to be completely sensitive to Endo H (14).
Thus, while we expect most high-mannose glycans on HIV-1
gp120 to be sensitive to Endo H, Endo F1, or Endo F2, the
observed mobility change of only 10 kDa after Endo F1 and
Endo H treatment suggests that part of the high-mannose and
hybrid carbohydrates on HIV-1 JR-FL gp120 are not, in fact,
accessible to endoglycosidases.

N-linked glycans are added onto proteins during synthesis as
predominately mannose, preformed oligosaccharides; only
through later modification in the Golgi apparatus do these
oligosaccharides lose their terminal mannose sugars. The pre-
cise characterization of N-linked glycans has been carried out
only on recombinant, monomeric gp120, so it is possible that
the glycans on the native, trimeric Env complex might be mod-
ified differently. However, since 2G12 neutralizes HIV-1 viri-
ons derived from human cells (69), the MAb must be able to

recognize the native Env complex. The recognition of termi-
nally linked mannose residues by 2G12 is not, therefore, an
artifact of our use of recombinant gp120 expressed in CHO
cells; the critical mannose residues must be exposed for 2G12
binding on the surfaces of both the monomeric gp120 molecule
and the native, trimeric Env complex.

Mannosidase treatment reduces the infectivity of SIV virions
(39). This observation further confirms that terminal mannoses
are present on the functionally relevant, trimeric Env complex.
Indeed, the oligomerization of Env late in its biosynthesis may
decrease the accessibility of gp120 to the glycan-modifying
enzymes in the Golgi apparatus and thereby increase the re-
tention of high-mannose glycans on the native Env complex.
Consistent with this view, an analysis of N-linked oligosaccha-
rides on gp120 derived from chronically virus-infected, human
H9 cells showed that more than 80% of the gp120 glycans are
of the high-mannose or hybrid variety (41).

In contrast to the inhibitory effect of mannosidases, neur-
aminidase treatment increased the infectivity of SIV (39). One
explanation for this might be that the complex, sialic acid-
containing carbohydrates of the variable loops are involved in
shielding conserved functional regions of gp120 on the native
Env complex (43, 75); another explanation is that alterations in
the electrostatic properties of virions caused by neuraminidase
treatment might increase their binding to the cell surface.
Regardless of the precise explanation, the results obtained
using neuraminidase show that it is not glycosidase treatment
in general that decreases virion infectivity but rather the spe-
cific activity of the particular glycosidases that are used.

A mutagenesis study on LAI gp120 revealed that the 2G12
epitope is destroyed by amino acid substitutions that affect
several different N-linked glycan residues in the C2, C3, C4,
and V4 regions of gp120 (Fig. 1A) (69). Most of these glycans
consist of high-mannose and/or hybrid chains, not complex
chains (35, 69). An exception is the complex glycan at residues
397, but our data indicate that this residue is probably not
involved in 2G12 binding. In general, complex carbohydrates
are present on the variable loops of gp120 and their positions
often differ among HIV-1 isolates (12, 35, 36). In contrast,
gp120 glycans of a high-mannose or hybrid character that are
located in the less-variable regions of the protein are usually
conserved among divergent HIV-1 isolates and may play an
important structural role by facilitating the correct folding of
gp120 (12, 35).

The sequence analysis of isolates sensitive to 2G12 neutral-
ization proved to be unexpectedly powerful in defining the
2G12 epitope. Such variational analysis works well in the con-
text of the dense information provided by the highly variable
HIV-1 genome. A similar but less detailed analysis helped to
define some features of the epitope for the broadly neutraliz-
ing anti-gp41 MAb 2F5 (68). The variational analysis of amino
acids that are conserved in the 2G12-sensitive isolates, but
highly variable in HIV-1 otherwise (31), defines eight amino
acids, including that at position 295. These residues are scat-
tered across the surface, but only position 295 is a site of
N-linked glycosylation. Thus, even in the absence of any sub-
stitutional mutagenesis data, the sensitivity of the 2G12
epitope to deglycosylation would have been sufficient for the
variational analysis to locate this epitope on gp120. However,
a limitation of the variational analysis method of epitope def-

TABLE 2. Antibody accessibility of the gp120 polypeptide
surface containing the 2G12 epitopea

Radius of probe
(Å)

Glycan-protein surface area ratio when radial
distance from mannose epitope (Å) is:

5.0 10.0 15.0

1.4 6.8 3.1 2.3
2.5 9.9 4.1 3.2
5.0 9.1 5.0 4.7

10.0 13.9 10.2 9.0

a Surface accessibility is dependent on the size of the probe, with water, for
example, being able to penetrate into small crevices that are not accessible to
bulky aromatic side chains. To analyze the degree to which the gp120 polypep-
tide surface was accessible beneath overlying glycan residues, the 2G12 epitope
was analyzed with spherical probes of different radii, ranging from 1.4 Å, the
radius of a water molecule, to 10 Å, the radius of an antibody epitope. Because
the precise extent of the 2G12 epitope is not known, a range of boundaries
extending from the known 2G12 mannose binding site was considered. At each
radial boundary distance (columns) and probe radius (rows), the ratio of glycan
surface area to polypeptide surface area was calculated for different potential
epitopes. The actual 2G12 paratope is likely to be a mixture of different probe
radii, with the 2G12 epitope boundary within the range of radial distances
presented here.
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inition is that there needs to be significant natural sequence
variation within the epitope; it is thus most useful for defining
the less-conserved gp120 epitopes.

Our analysis identifies N-linked glycans at positions 295, 332,
392, 386, and 448 as making up the 2G12 epitope. Clearly,
some of these glycans (e.g., those at positions 386 and 448) can
be modified and not completely eliminate 2G12 binding. It is
generally true of all protein-protein interactions that modifi-
cation of the interactive surface can often be tolerated except
at special hot spots of thermodynamic energy (16, 60). How-
ever, N-linked glycans differ in several respects from the typical
amino acid side chain, and these differences should be noted.
Thus, N-linked glycans are larger, with an average molecular
weight more than 20 times that of a typical amino acid side
chain. They also contain more structure and they affect a
greater volume of their surrounding environment. Our surface
analysis showed that 2G12 must bind to only a small portion of
the N-linked glycans that we identified as contributing to the
epitope—the total surface area of a single pentasaccharide is
roughly the same size as a typical antibody footprint. In our
analysis, we did not specify the precise details of how 2G12
recognizes glycans. Rather, we identified glycans on the surface
of gp120 that form a mannose-rich structure which 2G12 rec-
ognizes. This structure may be affected by alterations of any of
the glycan sites we have identified, but compensatory changes
may also occur to restore the epitope. Thus, in the context of
natural HIV-1 sequences, some of the glycans that we have
identified here could perhaps be absent without necessarily
eliminating 2G12 binding. Moreover, other, 2G12-like anti-
bodies might exist that recognize broadly similar glycan-depen-
dent epitopes without necessarily competing for 2G12 binding
to gp120; we suspect, however, that such glycan-dependent
antibodies will be rare.

Although 2G12 is broadly reactive with many HIV-1 iso-
lates, it is not pan-reactive (68). For example, analysis of 2G12
neutralization resistance identified subtype C viruses that were
2G12 resistant (9). We analyzed the subset of those resistant
viruses for which sequence information was available (isolates
DU151, DU179, and DU422) (9). All of them lacked glycan
295. While the diversity represented by database sequences
probably does not reflect the frequency of viral populations, it
nonetheless shows that many HIV-1 isolates will naturally lack
some of the N-linked glycans required for the formation of the
2G12 epitope (12). Indeed, glycan 295 is poorly conserved
among subtype C strains (Table 1), suggesting that most sub-
type C isolates will be resistant to 2G12 neutralization.

The 2G12 epitope that we have identified on gp120 contains,
or is directly proximal to, seven of the eight high-mannose or
hybrid sites that are conserved between the JR-FL and HXBc2
isolates. Indeed, the site is the only conserved, exposed surface
on the gp120 trimer that does not interact with the known
cellular receptors, CD4 and a chemokine receptor (33). None-
theless, 2G12 is able to interfere with the binding of gp120 to
CCR5 (67) and with the attachment of HIV-1 virions to cells
(70). The positioning of its epitope on the gp120 moieties of
the native Env trimer suggests that this inhibition is an indirect,
steric effect manifested by the sheer bulk of an antibody mol-
ecule located physically close to the receptor-binding sites.
Such interference is particularly relevant in the context of the
physically crowded virion-receptor complex on the cell surface.

Terminal mannose residues are rarely found on mammalian
cell surface or serum glycoproteins (reviewed in references 66,
71, and 73). Indeed, the presence of a terminal mannose results
in binding of proteins to hepatic lectin receptors and their
rapid clearance from the plasma (34). Virions expressing
HIV-1 envelope glycoproteins are very rapidly removed from
plasma after their infusion into macaques, with a half-life mea-
sured in minutes (27). Thus, the presence of terminal high-
mannose residues on gp120 glycans represents a paradox:
these residues appear to be highly conserved and so presum-
ably have a relevant function, yet their presence should be
detrimental to the viral life cycle by accelerating the rate of
virion clearance. No doubt, overall, HIV-1 finds the terminal
mannose residues to be advantageous in its battle with the
human immune system.

What could be an evolutionarily conserved function for the
terminal mannose residues of gp120? One explanation is that
HIV-1 is known to use the mannose components of its gp120
N-linked glycans to bind to the cell surface receptors DC-
SIGN and DC-SIGNR (3, 25, 61). These dendritic cell and
macrophage receptors augment the efficiency of both vertical
and horizontal HIV-1 transmission by enhancing the presen-
tation of virions to both macrophages and T cells (reviewed in
references 3 and 61). Structural and biochemical analyses of
DC-SIGN and DC-SIGNR show that these proteins bind to
the central, protein-proximal mannose residues of high-man-
nose glycans (23, 40). The rate-limiting step for retroviral in-
fection is known to be the initial stage of virus-cell attachment
(15, 51, 56, 63, 72), so the use of DC-SIGN as a high-affinity
attachment site provides a significant advantage to HIV-1 (3,
25, 61). The high-mannose and/or hybrid sugars that form and
surround the 2G12 epitope are a possible component of the
binding site for DC-SIGN and related proteins. Of note is that
the location of these high-mannose sugars on a surface distal
from the viral membrane (Fig. 5), facing outwards from the
virus, is optimal for cell surface binding.

There is precedent for the glycan residues of gp120 being the
target of an antiviral compound. The cyanobacterial protein
CV-N is an inhibitor of HIV-1 entry that acts by binding to
gp120 (8, 19, 22). The binding site for CV-N on gp120 com-
prises exclusively mannose residues on N-linked glycans, spe-
cifically Man�1-2Man� moieties presented on Man8 or Man9

high-mannose structures (4, 5). CV-N has high-affinity and
low-affinity binding sites, each of which recognizes the man-
nose moieties of a single N-linked glycan (4). CV-N can block
2G12 binding to gp120, but it does not inhibit the gp120 bind-
ing of other neutralizing or nonneutralizing MAbs (22). The
converse competition does not occur, however, in that 2G12
does not inhibit CV-N binding to gp120, most probably be-
cause there are multiple binding sites for CV-N, only some of
which are occluded by 2G12 (Table 3) (4, 22). Overall, how-
ever, there are clear similarities in the gp120 binding sites of
2G12 and CV-N and probably also in the mechanisms of action
of these infection inhibitors. However, 2G12 does not inhibit
DC-SIGN binding to gp120 (Table 3). This is, again, probably
a result of the relatively promiscuous binding of DC-SIGN to
gp120, in that DC-SIGN can probably recognize any of the
exposed high-mannose glycans, whereas 2G12 is more selective
in its interactions. The converse competition between DC-
SIGN and 2G12 has not been reported (Table 3). Any partial
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overlap that does occur between the DC-SIGN and 2G12 bind-
ing sites could help explain why unusually low concentrations
of 2G12 are able to protect some macaques from vaginal chal-
lenge with SHIV-89.6P, albeit inconsistently (38). Much
greater concentrations of other anti-Env MAbs are required to
achieve the same degree of protection (58).

Our principal conclusion is that the 2G12 MAb recognizes
an epitope that is dependent on the presence of mannose
residues on N-linked glycans. In all probability, the epitope is
completely composed of sugars, with no involvement of the
gp120 peptide backbone. This will need to be confirmed by
crystallographic analysis of the 2G12-gp120 complex. How-
ever, for several reasons, we believe that 2G12 is not a con-
ventional anti-carbohydrate antibody (26). Firstly, 2G12 is spe-
cific for HIV-1 gp120 and does not, for example, recognize SIV
gp120 expressed in the same cells (unpublished data). Sec-
ondly, denaturation of gp120 with SDS and DTT causes at
least a 500-fold reduction in 2G12 binding, yet the mannose
residues are still present on denatured gp120. Thirdly, the
N-linked moieties that 2G12 recognizes are present on many
extracellular, host proteins. For 2G12 to avoid being self-reac-
tive, it cannot bind with high affinity to just a single N-linked
moiety. Furthermore, given the flexibility of N-linked attach-
ments, a binding site involving even two or three moieties
would probably not provide enough specificity. Hence, we
think that 2G12 recognizes a discontinuous structure that com-
prises the mannose elements of several individual glycan
chains, folded into proximity. Based on our analyses, up to five
individual N-linked glycans could be involved in forming the
2G12 epitope.

If we are correct that the 2G12 epitope is a discontinuous
structure comprising only carbohydrate residues, it may be very
difficult to exploit this information for HIV-1 vaccine develop-
ment. Common N-linked glycans are rarely immunogenic, and
sera from HIV-1-infected individuals do not compete with
2G12 binding to gp120 (65). In addition, raising anticarbohy-
drate antibodies of broad specificity could cause problems
from the perspective of autoimmunity. On the other hand, if
the 2G12 epitope is indeed a discontinuous structure unique to
gp120, perhaps that structure could be appropriately immuno-
genic in the context of a vaccine antigen if it can be further
defined and then appropriately presented. After all, the struc-
ture was immunogenic in the individual whose immune system
made 2G12, and the resulting antibody does recognize and
neutralize a broad range of HIV-1 isolates (68, 69).

There are very few conserved neutralization epitopes on
gp120, yet there is a great need to exploit these limited weak-

nesses in the otherwise efficient defenses present on gp120
(47). HIV-1 sequence analysis demonstrates that gp120 glycans
are often conserved. Moreover, a loss of five glycosylation sites
when SIV was cultured in vitro was reversed when the virus
replicated in macaques (21). This confirms the functional re-
quirement to preserve gp120 glycans, probably to help resist
the humoral immune response (54, 74). Unusual approaches to
raising 2G12-like antibodies that focus on carbohydrate chem-
istry should, therefore, now be explored. For example, a syn-
thetic structure containing clustered mannosyl structures on a
peptide scaffold, resembling the recently synthesized trimeric
Lewis(y) conjugate (29), could be considered. Alternatively,
peptide mimeotopes of carbohydrate antigens might be a use-
ful technique (1, 17). Our results also suggest that vaccine
design strategies intended to deglycosylate gp120, and thereby
uncover hidden neutralization epitopes, should focus on the
complex carbohydrates and perhaps leave the high-mannose-
containing structures intact, in the hope that 2G12-like anti-
bodies might somehow be induced.
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